The immunoregulatory cytokine interleukin 12 (IL-12) induces host resistance against experimental malaria. In this study, we tested the feasibility of using IL-12 in combination with chloroquine (CQ) to rescue susceptible A/J mice from lethal blood-stage Plasmodium chabaudi AS infection. Combined treatment with low doses of CQ and IL-12 resulted in a >15-fold reduction in the parasite load and 100% survival of A/J mice with established infections. Compared to control mice, which succumbed to severe anemia, CQ-plus-IL-12-treated mice had significantly higher early-and late-stage erythroid-cell progenitors in the bone marrow and spleen, resulting in significantly higher hematocrits, erythrocyte counts, and percentages of reticulocytes. Production of parasite-specific gamma interferon (IFN-␥) by splenocytes from these mice was upregulated >20-fold relative to controls in parallel with enhanced IFN-␥ mRNA expression. Further, enhanced responsiveness to IL-12 and increased downstream IFN-␥ production in CQ-plus-IL-12-treated mice was evident from increased mRNA expression for the ␤1 and ␤2 subunits of IL-12 receptor in the splenocytes. Moreover, this combined therapy induced higher levels of anti-malaria antibodies than did CQ alone as well as sterile immunity against reinfection. Because IL-12 can be used at low doses and is effective even in established infections, it may be feasible to use this immunochemotherapeutic approach in human malaria.
Malaria remains a major public health problem in most tropical countries, particularly sub-Saharan Africa. It has been estimated that between 300 million and 500 million individuals are infected annually and between 1.5 million and 2.7 million people die of malaria every year (2) . Despite decades of frustrating research, an effective vaccine against this deadly disease is still not a reality (2, 5) . In the meantime, however, we must rely on effective therapeutic strategies for treating acute infections to prevent malaria-associated complications and mortality, especially in patients with malaria due to Plasmodium falciparum. Chloroquine (CQ) has been both an affordable and well-tolerated drug for use in third-world countries, but this drug now faces severe limitations because of the widespread emergence of CQ-resistant P. falciparum strains and, more recently, P. vivax strains (20, 29) . To overcome this problem, different combinations of antimalarial drugs have been used, but in most instances, multidrug-resistant P. falciparum strains have emerged (28) . Thus, intensive investigations directed toward finding an effective method to successfully treat acute malaria infections are under way.
Interleukin 12 (IL-12), a potent immunomodulatory cytokine, has been proven to be effective in conferring protection against bacterial, viral, and intracellular parasitic infections (15, 27) . This pleiotropic cytokine not only enhances cell-mediated immune responses but also influences humoral immunity by inducing isotype switching through both gamma interferon (IFN-␥)-dependent and -independent mechanisms (17) . IL-12 also appears to stimulate enhanced antibody (Ab) production in switched B cells (17) . Both mice and nonhuman primates can be protected against preerythrocytic malaria infections following IL-12 treatment (8, 24) . Our laboratory has demonstrated the effectiveness of IL-12 in inducing protective immunity against blood-stage infection in the murine model of P. chabaudi AS malaria (26) . In addition to its NK cell-activating, IFN-␥-stimulatory, and Th1-polarizing effects early during P. chabaudi AS blood-stage infection, IL-12 induces remarkable upregulation of splenic erythropoiesis, thereby preventing the fatal anemia associated with this infection (18, 19, 26) . However, the dose of IL-12 appears to be critical, given the potential toxic effects of this cytokine (8, 22) .
Although IL-12 can induce protective Th1-type immunity against experimental malaria infections, its therapeutic value is limited, given the need to begin treatment prior to or on the day of establishing infection (8, 24, 26) . The main goal of this study was to improve the efficacy of IL-12 treatment, especially in terms of its efficacy in established infections. We examined the possibility of using IL-12 as a therapeutic agent, in combination with CQ, for treating established P. chabaudi AS infection in susceptible A/J mice. Our findings demonstrate that low-dose CQ plus IL-12 treatment of mice with established blood-stage infection induced a protective Th1 immune response and efficient upregulation of erythropoiesis during primary infection and higher anti-malaria Ab production following reinfection.
MATERIALS AND METHODS
Mice, parasites and infection protocol. Male A/J mice, 8 to 12 weeks old, were purchased from Jackson Laboratory (Bar Harbor, Maine). The mice were infected intraperitoneally with 10 6 P. chabaudi AS parasitized red blood cells (PRBC) in pyrogen-free saline, and parasitemia and survival rate were monitored as described previously (26) . To assess reinfection immunity, mice were challenged with the same dose of parasites 4 weeks after recovery from the primary infection and parasitemia was monitored for 2 weeks.
IL-12 and CQ treatment. Murine recombinant IL-12 (rIL-12) was a gift from S. Wolf, Genetics Institute (Cambridge, Mass.). CQ diphosphate was purchased from Sigma (St. Louis, Mo.). To establish an optimal subcurative dose of CQ, mice were treated orally with 25 mg of CQ per kg of body weight (the therapeutic dose) or 12.5 and 6.25 mg/kg, divided according to World Health Organization recommendation (31) . For the therapeutic dose, an initial dose of 10 mg/kg was given on day 3 postinfection (p.i.) followed by 5 mg/kg at 6, 24, and 48 h. For 12.5 and 6.25 mg/kg, the dose of CQ used was one-half and one-quarter of the therapeutic dose, respectively, at each treatment time point. Since our intention was to use lower doses of IL-12 in combination with a subcurative dose of CQ, the dose of IL-12 was decreased from our previously reported (26) protective dose of 0.6 g/mouse (0.1 g per day for 6 days) administered i.p. starting on the day of infection, to 0.3 g/mouse (0.05 g for 6 days). Further, to test the protective efficacy of IL-12 in an established infection in combination with a subcurative dose of CQ, the dose of IL-12 was further decreased to 0.2 g/mouse (0.05 g per day for 4 days) and treatment was started on day 3 p.i., once parasitemia was established at 0.5 to 1%. Infected mice receiving CQ alone, IL-12 alone, or CQ plus IL-12 combinations were monitored daily for parasitemia and survival.
Hematology and erythropoietic progenitor assays. Hematocrit, total RBC counts, and percentage of reticulocytes were determined for heparinized blood from individual mice by using standard hematological procedures. Single-cell suspensions were obtained from the bone marrow and spleen, and the number of RBC bursts (BFU-E) and CFU (CFU-E) were determined in colony forming assays by using methylcellulose semisolid medium in Iscove modified Dulbecco minimal essential medium as previously described (19) . The number of RBC progenitor colonies were counted after 48 h for CFU-E and after 7 days for BFU-E, and data are presented as mean Ϯ standard error of the mean (SEM) per organ. The number of BFU-E in the peripheral blood was determined by using blood mononuclear cells separated by density gradient centrifugation and is expressed as mean Ϯ SEM per 5 ϫ 10 6 total cells. Quantitation of IFN-␥ and anti-malaria Abs. Single-cell suspensions of unfractionated spleen cells were plated at 2 ϫ 10 6 cells per well and incubated for 48 h with either medium alone, 5 g of concanavalin A per ml, (ConA) or P. chabaudi AS antigen (mpAg) equivalent to 2 ϫ 10 6 PRBC. A two-site sandwich enzyme-linked immunosorbent assay (ELISA) was used to measure IFN-␥ in the culture supernatants as described previously (26) . Malaria-specific, total immunoglobulin G (IgG) in sera obtained 2 weeks after reinfection was determined by ELISA. Total anti-malaria IgG was captured by using soluble mpAg-coated plates, and the level of malaria-specific IgG in the sera was estimated by using goat anti-mouse IgG-horseradish peroxidase conjugate (Bio-Rad Laboratories, Richmond, Calif.) and 2,2Ј-azinobis(3-ethylbenzthiazolinesulfonate) substrate (Boehringer Mannheim Canada, Laval, Canada). The levels of Ab are expressed as the optical density at 405 nm. Sera from uninfected, normal A/J mice served as negative controls.
RT-PCR for IFN-␥, IL-12R␤1, and IL-12R␤2 mRNA expression. Reverse transcriptase PCR (RT-PCR) was performed essentially as described previously to determine the relative quantities of mRNA for IFN-␥ and the two IL-12 receptors, ␤1 and ␤2 (11). The primers and probe used for IFN-␥ have been described previously (1) . For IL-12R subunits, primers, and probes were designed based on the recently cloned cDNA sequences, GenBank accession no. U23922 and U64199, for the ␤1 and ␤2 subunits, respectively (3, 23) . The sequences of primers and probes used were as follows: IL-12R␤1, sense primer, 5Ј-TGA-AGA-CGG-CGC-GTG-GGA-GTC-A-3Ј; antisense primer, 5Ј-TCG-C GG-GTA-CAA-CAC-CTC-CGG-G-3Ј; probe, 5Ј-GCG-AGC-GGA-CAC-TGC-GAG-CG-3Ј (product size, 412 bp); IL-12R␤2, sense primer, 5Ј-GGT-TGC-TG G-CTC-CTC-ACC-AGG-3Ј; antisense primer, 5Ј-ATG-CAG-CCC-CTT-TGC-TCC-GGG-3Ј; probe, 5Ј-TCC-CCC-ACA-CTG-GCT-GCG-GA-3Ј (product size, 424 bp). Both positive and negative controls were included in each assay to ensure the efficacy of the reaction and to rule out possible genomic DNA contamination. The primers and probe for glyceraldehyde 6-phosphate dehydrogenase (G6PDH), the housekeeping gene used in this study, have been described previously (11) . For RT-PCR, 1 g of total RNA, isolated from unfractionated spleen cells with TRIzol reagent (Gibco BRL, Grand Island, N.Y.), was reverse transcribed with Moloney murine leukemia virus RT (Gibco). The reaction mixture was diluted 1:8, and 10 l was used for PCR amplification of IFN-␥ (30 cycles), IL-12 receptor subunit ␤1 and ␤2 mRNA (30 cycles), and G6PDH (26 cycles) with Taq DNA polymerase (Gibco). Following electrophoresis and Southern transfer onto nylon membranes (Hybond-N; Amersham, Arlington Heights, Ill.), PCR products were hybridized with internal cytokine-specific oligonucleotide probes labeled with [ 32 P]ATP and visualized by autoradiography. The intensity of bands corresponding to specific cytokine-cytokine receptors was analyzed by high-resolution optical densitometry (SciScan; United States Biochemical, Cleveland, Ohio) and normalized to those of G6PDH.
RESULTS AND DISCUSSION
Effect of combined CQ-plus-IL-12 treatment on the course of infection and survival. To determine a subcurative dose of CQ suitable for use in combination with IL-12 in later experiments, we first performed a CQ dose-response study in P. chabaudi AS-infected A/J mice. As demonstrated previously by our laboratory, mice of this strain are extremely susceptible to P. chabaudi AS infection and experience fulminant parasitemia and severe anemia with 100% mortality within a few days of peak parasitemia (26) . Mice were treated beginning on day 3 p.i. with the curative dose of 25 mg of CQ per kg (body weight) or with two subcurative doses of 12.5 and 6.25 mg/kg. Since the parasite strain used is CQ sensitive, as expected, the curative dose of CQ did not allow the parasitemia to exceed 0.5% and no parasites were detectable from day 7 through day 28 p.i. (Fig. 1A) . Untreated mice showed high parasitemia of more than 50%, and all the mice succumbed to infection by day 11 p.i. (Fig. 1C) . Similarly, mice given 6.25 mg of CQ per kg of body weight developed mean peak parasitemia in excess of 40% and all the mice in this group succumbed to infection. On the other hand, mice receiving half the curative dose, that is, 12.5 mg/kg, showed a modest reduction in peak parasitemia to around 20% and the mortality rate was about 30%. We selected this latter dose of CQ to be used in combination with IL-12 to explore the possibility of reducing the parasite burden and rescuing all of the infected animals.
In the preliminary experiments, we identified the optimum dose of IL-12 suitable for use with half the therapeutic dose of CQ. Initially, 0.05 g of IL-12 treatment per mouse was given for 6 days, starting on the day of infection (a total of 0.3 g/mouse). Using this combination therapy, it was possible to reduce the peak parasitemia to about 3% and all the mice survived infection (data not shown), while the mice receiving 0.3 g of IL-12 alone did not survive infection, suggesting the need for combined treatment for survival. Since our aim was to test the efficacy of the CQ plus IL-12 treatment combination in established infection, we conducted experiments with 0.05 g of IL-12 per mouse per day starting on day 3 p.i. and continued until day 6 p.i., so as to deliver a total IL-12 dose of 0.2 g/mouse along with 12.5 mg of CQ per kg. Untreated mice, mice treated with CQ or IL-12 alone, and CQ-plus-IL-12-treated mice had an initial mean parasitemia of 0.6% Ϯ 0.08% (range, 0.3 to 1.6%) on day 3 p.i., before treatment was initiated. As shown in Fig. 1B , following CQ plus IL-12 treatment, parasite proliferation was markedly suppressed and the mean peak parasitemia was only 3.1% and was reached only on day 10 p.i. In contrast, untreated mice had a mean peak parasitemia of 63.5% by day 7 p.i. and all the mice were dead by day 11 p.i. (Fig. 1C) . Untreated mice appeared severely anemic and hypothermic and were very lethargic for 3 to 4 days prior to death. Similarly, mice given a total dose of 0.2 g of IL-12 alone had a mean peak parasitemia of Ͼ60% by day 7 p.i., and all the mice succumbed to infection by day 9 p.i. (Fig. 1B and  C) . Mice receiving 12.5 mg of CQ per kg of body weight alone had a mean peak parasitemia of 33.5% by day 9 p.i. (Fig. 1B) , showed a survival rate of 70% (Fig. 1C) , and were also lethargic, although these mice did not show signs of severe anemia or hypothermia. Parasites were detectable in these mice most of the time during the first 4 weeks of infection, with a recrudescent parasitemia on day 21 p.i. (Fig. 1B) .
We also tested the curative efficacy of combining 6.25 mg of CQ per kg of body weight with or without a total IL-12 dose of 0.2 g/mouse (days 3 through 6 p.i.). These mice developed severe infection and anemia and succumbed to infection during the second week of infection (data not shown). In contrast to mice receiving lower doses of CQ and IL-12, either alone or in combination, mice on combined therapy with 12.5 mg of CQ per kg of body weight and 0.2 g of IL-12 per mouse remained healthy and active throughout the course of infection. Parasites were not detectable after day 12 p.i., and all the mice survived infection in repeated experiments (Fig. 1B and C) . Thus, this dose of IL-12, in combination with half the curative dose of CQ, is as efficient as using 0.3 g of IL-12 per mouse and is effective even in established infections. Moreover, this dose also represents the critical curative level required in combined therapy, since lowering the total dose of IL-12 further to 0.15 g results in higher parasite burden (Ͼ30%), even when combined with half the curative dose of CQ (data not shown). Because a total IL-12 dose of 0.2 g/mouse given along with 12.5 mg of CQ per kg markedly reduces the parasite load and rescues 100% of infected mice, we consider this combination therapy to be optimal for successful treatment of established P. chabaudi AS infection.
Effect of combination therapy on the development of malarial anemia. Having established the protective efficacy of 12.5 mg of CQ per kg in combination with 0.2 g of IL-12, we explored the possible mechanism(s) involved. Once infected, P. chabaudi AS-susceptible A/J mice suffer from severe anemia and shock prior to death (33) . We previously showed that severe anemia is a main factor contributing to mortality, since blood transfusions given to these mice after the development of peak parasitemia rescued up to 90% of the mice (34) . Our recent study examining the erythropoietic role of IL-12 in infected A/J mice showed that 0.1 g of IL-12 for 6 days, starting on the day of infection, results in more than a sevenfold increase in splenic erythropoiesis (19) . In the present study, we examined mice receiving CQ plus IL-12 therapy, using a substantially lower dose of IL-12 in an established infection, for possible inhibition of infection-induced development of anemia. The peripheral blood picture of CQ-plus-IL-12-treated animals was compared with that of untreated mice and mice receiving CQ or IL-12 alone. As shown in Table 1 , mice receiving combined therapy had a significantly higher hematocrit and total RBC count on day 7 p.i. compared to untreated or mice treated with 12.5 mg of CQ per kg or 0.2 g of IL-12 alone. Signs of severe anemia were apparent in untreated or IL-12-treated mice, while mice treated with 12.5 mg of CQ per kg retained hematocrit and RBC counts at significantly higher levels than did untreated mice. However, mice in the combined treatment group alone had significantly higher levels of both hematocrit and RBC counts after 7 days of infection compared to controls and showed no signs of anemia.
It is possible that since the mice receiving optimum combined therapy had Ͼ15-fold lower parasitemia, the absence of anemia was due to decreased direct RBC destruction by the developing parasites. On the other hand, it is also possible that the extent of upregulation of erythropoiesis following infection could have been of several magnitudes higher in the mice receiving combined therapy. To address this question, we first examined the percentage of reticulocytes in the peripheral blood. On day 7 p.i., mice treated with 12.5 mg of CQ per kg, with or without IL-12 treatment, showed significantly higher percentages of reticulocytes than did untreated mice (Table 1) . However, mice treated with IL-12 alone failed to show a sig- 6 PRBC and were treated with CQ alone (12.5 mg/kg) or IL-12 alone (0.05 g/day for 4 days) or both, starting on day 3 p.i., after the parasitemia was established at 0.5 to 1.0%. Pooled parasitemia data represent mean Ϯ SEM from 9 to 12 individual mice studied in two (A) or three (B) experiments. The mean percent survival data shown are pooled from 10 to 12 mice in each group. †, 100% mortality. nificantly higher percentage of reticulocytes compared to untreated mice. Since reticulocytosis is apparent during weeks 2 and 3 of infection in P. chabaudi AS-resistant C57BL/6 mice (33), we also examined blood films from surviving mice on day 10 p.i. At this time, A/J mice receiving CQ plus IL-12 treatment had more than a twofold increase in the percentage of reticulocytes compared to mice receiving 12.5 mg of CQ per kg alone.
Next, we examined the effect of CQ and IL-12 treatment on erythropoiesis by determining the number of erythroid progenitors in the bone marrow, spleen, and blood. Treatment of infected A/J mice with 0.05 g of IL-12 per mouse for 4 days, starting on day 3 p.i., along with half the curative dose of CQ significantly enhanced bone marrow and splenic erythropoiesis compared to no treatment or treatment with CQ or IL-12 alone (Table 2) . A marked increase was seen in the extent of splenic erythropoiesis in terms of both BFU-E and CFU-E. Mice receiving the combined treatment had a nearly twofold increase in the numbers of splenic BFU-E and more than a threefold increase in the numbers of splenic CFU-E compared to untreated animals or mice treated with CQ alone. Mice treated with 12.5 mg of CQ per kg alone showed a small but significant increase only in the bone marrow CFU-E compartment. However, mice receiving IL-12 monotherapy had significantly enhanced CFU-E numbers in bone marrow and spleen and higher BFU-E in the spleen compared to untreated controls.
Our earlier study showed that IL-12 treatment of normal, but not infected, A/J mice results in bone marrow suppression (19) , possibly due to the ability of this cytokine to enhance the mobilization of bone marrow precursors to the spleen (9) . These studies suggest a role for IL-12 in enhancing extramedullary erythropoiesis, especially in the spleen. To examine the mobilization of bone marrow erythroid precursors to the spleen following low-dose CQ plus IL-12 treatment, we investigated the frequency of BFU-E in the peripheral blood. We observed a nearly threefold increase in the blood BFU-E numbers in mice treated with CQ plus IL-12 compared to untreated mice and nearly a twofold increase compared to mice receiving either CQ or IL-12 alone (Table 2) .
It is interesting that even though the dose of IL-12 used was similar in mice receiving either 12.5 or 6.25 mg of CQ per kg, the extent of erythropoiesis was higher in the former group of mice, which had a lower parasite load. This indirectly suggests that high parasitemia may inhibit efficient erythropoietic upregulation, possibly due to impaired levels of other hematopoietic cofactors such as IL-3, IL-6, IL-11, and steel factor in mice with high parasite burdens. Thus, the use of IL-12 treatment along with half the curative dose of CQ not only suppresses parasitemia and limits the extent of direct RBC destruction by the parasites but also initiates a more efficient erythropoietic response. The erythropoietic stimulatory effect of IL-12 is not restricted to the combination of CQ plus IL-12, since we observed similarly enhanced RBC genesis when we used IL-12 in combination with clindamycin to treat infected A/J mice (unpublished observations). This finding raises the possibility of using IL-12 in combination with other antimalarial drugs to prevent fatal anemia. In human situations, this is particularly important in areas with widespread CQ resistance, where one has to rely on other antimalaria drugs for the treatment of acute infections. However, this strategy should be tested in infections due to drug-resistant parasite strains, because such strains are usually resistant to higher-than-therapeutic doses of the drugs.
Development of a novel therapeutic strategy to prevent malarial anemia is critical, considering the importance of anemia in malaria morbidity and mortality. Studies of Gambian children with severe P. falciparum malaria and presenting with severe anemia showed marked dyserythropoietic changes, including erythroblast multinuclearity, karyorrhexis, incomplete and unequal mitosis, and cytoplasmic bridging (30) . While blood transfusion has been proven to be beneficial in correcting malarial anemia (12) , the risks involved are considerable, especially because of the high levels of human immunodeficiency virus infection in many malaria-endemic populations. This calls for a method of treatment which can correct hyperparasitemia as well as infection-induced anemia without the need for transfusion. The combination therapy used in this study appears to be promising in this direction. Endogenous upregulation of erythropoiesis enhances reticulocyte numbers in the peripheral blood and prevents the risk of prolonged parasite patency observed following transfusion (34), since reticulocytes are refractory to infection by most normophilic malaria parasites.
Combination therapy significantly upregulates parasite-specific IFN-␥ production and IL-12R expression. We next examined the level of IFN-␥ production by splenocytes, in terms of both protein and gene expression, following combination therapy of infected A/J mice. We have previously demonstrated the essential role of IFN-␥ in the protective host response against P. chabaudi AS in resistant C57BL/6 mice (10, 18, 25) as well as in IL-12-treated, susceptible A/J mice (18, 26) . Anti-IFN-␥ treatment of IL-12-treated A/J mice resulted in a significant increase in parasite load and high mortality (26) . Our recent study also suggested that a defect in the production of IFN-␥ by NK cells early during infection contributes to the extreme a Mice were infected 7 days previously and were either untreated or treated with CQ (12.5 mg/kg), IL-12 (0.05 g/day/mouse for 4 days), or both CQ and IL-12, starting on day 3 p.i. Single-cell suspensions from femur, spleen, and peripheral blood were cultured in methycellulose semisolid medium for either 7 days (BFU-E) or 48 h (CFU-E).
b Progenitor cell numbers are expressed as number of BFU or CFU per organ. Data shown are mean Ϯ SEM for six to eight individual mice. Significant differences shown by unpaired t test are as follows: a, untreated versus treated mice; b, CQ-treated versus CQ-plus-IL-12-treated mice; c, IL-12-treated versus CQ-plus-IL-12-treated mice.
susceptibility of A/J mice to blood-stage malaria (18) . This finding is consistent with an earlier observation in resistant C57BL/6 mice that tissue-specific expression of IFN-␥ mRNA in the spleen is significantly higher by day 3 p.i. compared to that in A/J mice, and higher expression of this cytokine mRNA persists for 1 week p.i. (10) . Furthermore, both in vivo IL-12 treatment of A/J mice and in vitro IL-12 supplementation of enriched NK cell cultures from infected A/J mice significantly enhance the levels of spontaneous NK cell-derived IFN-␥ production (18) . To achieve a protective response in A/J mice, our previous study used 0.1 g of IL-12/mouse/day for 6 days starting on the day of infection, for a total dose of 0.6 g of IL-12 (26) , while the present study used 0.05 g of IL-12 daily for only 4 days starting on day 3 p.i., for a total dose of 0.2 g of IL-12, in combination with CQ, once the parasitemia was established between 0.5 and 1.0%. Hence, we asked whether inclusion of low, subprotective doses of IL-12 in combined treatment influences the immune response in A/J mice by inducing a protective Th1 response. In response to nonspecific stimulation with ConA, splenocytes from untreated mice, mice treated with CQ or IL-12 alone, or those receiving CQ plus IL-12 combined treatment secreted comparable amounts of IFN-␥ on day 7 p.i. (Fig. 2A) . In contrast, spleen cells from mice treated with both CQ and IL-12 secreted significantly higher levels of IFN-␥ in response to specific stimulation with mpAg than did those from untreated mice or mice treated with CQ or IL-12 alone. Following mpAg stimulation, splenocytes from mice receiving IL-12 alone produced more than a fourfold-higher concentration of IFN-␥ than did those from untreated or CQ-treated mice. The magnitude of upregulation of IFN-␥ in mice treated with CQ plus IL-12 was more than 20-fold higher than in untreated or CQ-treated groups of mice and was nearly 5-fold higher than in mice given IL-12 alone. In parallel, on day 7 p.i., IFN-␥ mRNA expression was also upregulated in mice receiving combined treatment (Fig. 2B) . This suggests the development of efficient antiparasitic immunity in mice given combination therapy during the early phase of infection by an enhanced IFN-␥ production. Further, this finding has an important bearing on the development of the adaptive immune response, since it has been shown that during murine Leishmania major infection, IFN-␥, along with IL-12, acts as an essential cofactor in the development of parasitespecific, Th1 type protective immunity (7) .
Responsiveness to IL-12 and subsequent downstream signal transduction events, IFN-␥ production, and Th-cell development has recently been shown to be dependent on the levels of IL-12R␤1 and IL-12R␤2 expression on the responder cells (6, 32) . Coexpression of these two IL-12R subunits results in the expression of both high-and low-affinity IL-12 binding sites and confers IL-12 responsiveness in transfected cells (23) . Hence, we questioned whether enhanced IFN-␥ production and development of a protective Th1 immune response in mice receiving combined therapy correlate with enhanced IL-12R expression. For this, we analyzed the expression of ␤1 and ␤2 IL-12R subunit mRNA expression in splenocytes isolated on day 7 p.i. from mice given CQ plus IL-12 combined treatment. Compared to untreated mice, CQ-plus-IL-12-treated mice had a higher expression of both IL-12R␤1 and ␤2 (Fig. 2B) , indicating a role for IL-12 in upregulating its own receptors on responder cells during P. chabaudi AS infection. Higher levels of IL-12R expression on responder cells may explain why spleen cells from mice receiving combined treatment produced significantly higher levels of IFN-␥ than did cells from control mice following specific Ag stimulation. We recently observed that on day 7 p.i., spleens from IL-12-treated, infected A/J mice contain more than fourfold greater absolute numbers of asialo-GM1 ϩ NK cells and more than twofold greater numbers of B cells than do spleens from uninfected mice (18) . While NK cells expressing increased IL-12R could contribute to higher levels of protective IFN-␥ secreted during the early course of infection, IL-12 may also influence B-cell production of parasite-specific Ab. To test this latter possibility, we quantitated anti-malaria Ab levels as well as the development of immunity against reinfection in the surviving A/J mice in CQtreated and CQ-plus-IL-12-treated groups.
CQ plus IL-12 treatment results in higher anti-malaria Ab levels and protects against reinfection. Mice surviving primary infection were reinfected after 4 weeks of parasite clearance. The course of infection was monitored, and sera were collected 14 days after reinfection. Anti-malaria Ab in terms of total IgG in serum was significantly higher in mice receiving combined therapy than in those treated with CQ alone (Fig. 3A) . High anti-malaria Ab levels correlated with protection, since sterile immunity was found after reinfection of mice treated with CQ plus IL-12 during primary infection whereas low-grade parasitemia was observed in mice given CQ alone (Fig. 3B) .
Our present understanding of immunity against blood-stage P. chabaudi AS infection in resistant mice is that control of primary infection is dependent on an early Th1 response involving NK-cell and macrophage activation, followed by a Th2 response involving protective Ab during the chronic phase (10, 13, 18, 25, 26) , which eventually clears parasites from the circulation. The present study revealed that IL-12 used in the combined therapy of A/J mice, in addition to providing protection against acute infection, induces better Ab responses during reinfection. Although both cell-and Ab-mediated immune mechanisms are believed to be important in protection against malaria, the results of the present study do not distinguish between the relative importance of the two arms of the immune system, since we had to evaluate IFN-␥ and antibody production at different phases of infection. In practice, unlike in murine malaria, "semi-immune" or nonimmune humans are vulnerable to reinfection after successful treatment of primary infection with antimalaria drugs. By using CQ plus IL-12 combination treatment, it may be possible not only to reduce the primary parasite load and the associated complications but also to induce a protective Ab response and immunity to reinfection. Our findings raise the question of the role of IL-12 and IFN-␥ in influencing Ab responses during human malaria infections where long-lasting immunity in populations in areas of endemic infection is associated primarily with anti-malaria Ab levels (16) .
In areas with endemic malaria infection, the use of antimalarial drugs has an inhibitory effect on the acquisition of antimalaria Ab, both in children and, more particularly, in adults on chemoprophylaxis (16) . It is not clear yet whether this is due to direct immunosuppressive effects of drugs like CQ or to decreased exposure to malaria parasite antigens. In the present study, we observed lower levels of expression of both IFN-␥ and IL-12R mRNA in splenocytes of mice treated with CQ alone compared to untreated mice. These mice had lower anti-malaria Ab levels than did CQ-plus-IL-12-treated mice, although it was not possible to compare the Ab levels in mice treated with CQ alone with those in untreated mice, which did not survive till our reinfection studies. However, the issue of possible immunosuppression by CQ could be resolved by studying the effect of CQ treatment in P. chabaudi AS-resistant C57BL/6 mice. In any event, as shown by the present study, any immunosuppressive effects of CQ can be effectively overcome by using CQ plus IL-12 combined treatment, which resulted in marked upregulation of IFN-␥ and IL-12R mRNA levels as well as that of anti-malaria Ab levels.
IL-12, in combination with amphotericin B, has been used as immunotherapy in Histoplasma capsulatum-infected SCID mice (35) and, more recently, in combination with antibiotics for bacterial clearance in Mycobacterium avium-infected SCID mice (4). Furthermore, successful therapy of chronic, nonhealing murine cutaneous leishmaniasis with the combination of sodium stibogluconate and IFN-␥ was found to be dependent on continued production of IL-12 (14) . Cure of established Leishmania major infection in mice following combined therapy with Pentostam and IL-12 involves a switch from a Th2-to a Th1-type immune response (21) . However, in this study, IL-12 alone appeared unable to enhance Th1 cell expansion in vivo, which was thought to be due to high parasite loads in mice receiving only IL-12 compared to mice given combined treatment with the drug and IL-12. Similarly, A/J mice could be rescued from lethal malaria by using IL-12 when the treatment was given on the day of infection (26) but not after the infection was established (unpublished observations). In contrast, as observed in the present study, IL-12-induced development of an early Th1 response appears possible even in established infections when CQ is given along with IL-12 to substantially reduce the parasite load. Moreover, in this treatment regimen, doses of both CQ and IL-12 could be reduced to one-half and one-third, respectively, compared to the doses required to induce parasite suppression when either of these is used alone. In particular, cure of established infections with this combined treatment and the feasibility of using IL-12 at low, possibly nontoxic, doses suggest the usefulness of IL-12 in combination with antimalarial drugs in treating human malaria.
